The genomic mutation rate of the archaeon Sulfolobus acidocaldarius, which inhabits a harsh and potentially mutagenic environment, surprisingly agrees well with the previously observed constancy of genomic mutation rates in microbes. The evolutionary explanation for this constancy of genomic mutation rates remains obscure.
Mutation plays a crucial but paradoxical role in evolution: the genetic variation that it introduces is ultimately required for adaptation, but individual mutations are far more likely to be deleterious than to be beneficial [1] . Every natural population thus labors upstream against a steady current of deleterious mutations, and natural selection favors decreased mutation rates under almost all circumstances (reviewed in [2] ). Realizing this, A.H. Sturtevant [3] wondered in an early essay why mutation rates did not evolve all the way to zero. In answer to his own question, Sturtevant offered the surmise that "…the nature of genes does not permit such a reduction. In short, mutations are accidents, and accidents will happen...".
In a fundamental sense, mutations are indeed accidents. They originate through spontaneous genome damage and replication error and the rogue activities of transposable elements. An elaborate molecular machinery has evolved to reverse most of these genomic insults; what this machinery does not repair -or what it repairs incorrectlypasses through to the next generation as a mutation. Although certain types of sequence are more susceptible to damage and mutation than others, specific changes are not manufactured on demand, and beneficial mutations are therefore every bit as accidental as deleterious ones [4] .
Overall, the apparatus that corrects and repairs genome damage is an amazingly effective adaptation for maintaining genetic fidelity: typical mutation rates in most living things are on the order of 10 -10 to 10 -9 changes per base pair per generation [5] . Mutation rates could certainly be higher; biochemical studies indicate that DNA suffers extensive damage and replication error under normal physiological conditions [6] , and defects in alleles known to be involved in DNA repair and replication can elevate genomic mutation rates dramatically [7] . Interestingly, however, few alleles are known that reduce genomic mutation rates, suggesting that natural selection has exhausted most of the general ways of maintaining genetic fidelity.
Given that mutations arise in part as a consequence of DNA damage, one might suppose that mutation rates would be higher where the rate of damage is higher. Indeed, various chemical and physical DNA damaging agents have long been used by geneticists to induce mutations for study in a wide range of organisms. Natural populations, however, might adapt to damaging environments by evolving more effective ways of maintaining genetic fidelity. A recent paper by Grogan et al. [8] provides good evidence to support this idea. They show that the genomic mutation rate in an organism that lives under extreme conditions, the thermoacidophilic archaeon Sulfolobus acidocaldarius, is essentially no different from rates in well-studied microbes that live in more hospitable environments.
Members of the genus Sulfolobus inhabit geothermal hot springs and grow optimally at high temperature (75-85°C) and low pH (2-4) [9] . This would be a nasty set of circumstances in which to be a DNA molecule without the help of intracellular defenses; these conditions are known to accelerate greatly the spontaneous decomposition of DNA [6] . To measure mutation in S. acidocaldarius, Grogan et al. [8] studied the rate at which cells gave rise to mutants that are resistant to 5-fluoroorotic acid (5-FOA). 5-FOA selects for mutations that inactivate enzymes encoded by two loci, pyrE and pyrF, that are involved in uracil biosynthesis. Nonmutants are killed by a toxic intermediate that builds up in the presence of 5-FOA; mutants inactive in either enzyme are spared, but they require uracil for growth.
Grogan et al. [8] assayed mutation to 5-FOA resistance using the fluctuation test, a procedure in which many replicate cultures are grown, each from a small wild-type inoculum, and the mutation rate is inferred from the distribution of mutants per culture revealed by selection [10] . Testing was done under the organism's normal environmental conditions of high temperature (75°C) and low pH (3.5). The result: S. acidocaldarius was found to mutate to 5-FOA resistance at the relatively low rate of (3.37 ± 0.36) × 10 -7 per cell division.
To extrapolate from this phenotypically measured genic mutation rate to a per base pair rate, Grogan et al. [8] determined the spectrum of sequence alterations in a subset of the 5-FOA resistant mutants that arose during fluctuation testing. Almost all (101 of 108) of these mutants were caused by changes in the pyrE region, and further analysis of the mutation rate was confined to this region. Most mutations were found to be caused by intragenic additions and deletions of bases, rather than base substitutions; interestingly, the rate of base substitutions in S. acidocaldarius was found to be markedly lower than substitution rates in other species for which such information was available. After corrections for the proportion of mutants detected in pyrE vs. pyrF (101/108) and for undetected base substitutions, Grogan et al. [8] estimated the average mutation rate per base pair in S. acidocaldarius to be 7.81 × 10 -10 per generation; this is in good agreement with previously determined values in most other living things.
Grogan et al. [8] then scaled up from their measured per base mutation rate to a genomic mutation rate. Two additional pieces of information were required in order to do this: the extent to which the reporter gene, pyrE, used to estimate the per base pair rate, was representative of the entire S. acidocaldarius genome in its base composition; and the fraction of the entire genome size represented by the reporter gene. The pyrE gene is comprised of 36.2% G-C base pairs, close to the overall composition of the rest of the S. acidocaldarius genome at 37%. Although the exact size of the S. acidocaldarius genome is not yet known, Grogan et al. [8] were able to compare previous flow cytometric measurements of DNA content in S. acidocaldarius cells and those of the related species S. solfataricus [11] -the genome of which has been completely sequenced (http://niji.imb.nrc.ca/sulfolobus/) -to estimate the size of the S. acidocaldarius genome at 2,243,000 base pairs. Multiplied by the per base pair rate estimate of 7.81 × 10 -10 , this genome size gives a genomic mutation rate in S. acidocaldarius of about 0.0018 per genome per replication.
The genomic mutation rate of S. acidocaldarius is remarkable in two respects. First, it is more than two orders of magnitude below a value that would threaten the wellbeing of the population. (A deleterious genomic mutation rate of approximately 1 or higher would be incompatible with life because mutations would accumulate faster than they could be removed by natural selection.) S. acidocaldarius clearly has no trouble protecting its genome in its harsh environment. The second remarkable thing is that the mutation rate of S. acidocaldarius accords with the previous observation of Drake [12] that genomic mutation rates in a wide range of microbes with DNA chromosomes are nearly constant. As shown in Figure 1 , microbes with genome sizes spanning four orders of magnitude exhibit only an approximate twofold range of genomic mutation rates: from 0.0025 to 0.0046. The genomic mutation rate of S. acidocaldarius, at 0.0018, actually falls just below this range, but given the uncertainties inherent in estimating mutation rates the agreement with the previous estimates is pretty good.
It is unclear how S. acidocaldarius achieves such a low mutation rate in its harsh environment. In principle, it could use two strategies: it could protect the DNA from damage in the first place by providing a more hospitable intracellular environment; or it could deploy more effective mechanisms of repair. Some evidence for both strategies has been found in thermophilic organisms (reviewed in [13, 14] ). Interestingly, Grogan et al. [8] note that S. acidocaldarius lacks homologs to genes of the mismatch repair system, which is a major reducer of mutation in most cellular life. Perhaps S. acidocaldarius and other Archaea employ unique mechanisms of DNA repair that are missing in the other domains of life, or perhaps they employ similar mechanisms that are simply more effective. Further research will be necessary to sort this out.
Explanations for 'Drake's Rule' -the observed constancy of genomic mutation rates in DNA based microbeshave been proposed by evolutionary theorists, but there is currently no satisfactory basis for distinguishing among them (reviewed in [2] ). One possibility is that the evolutionary tradeoff between the effects of deleterious mutations and beneficial mutations somehow sets an optimal genomic mutation rate that is equal across all microbial life [15, 16] . Another is that the selective cost of genetic fidelity prohibits further reductions in mutation in all species and somehow scales with genome size to produce a constant genomic mutation rate [17, 18] . The work of Grogan et al. [8] seems to deepen the mystery, though: it is not obvious why tradeoffs between beneficial and deleterious mutations should be the same at 75°C and pH 3.5 as they are at 37°C and neutral pH; neither is it obvious why the cost of preventing mutation should be the same in these environments. Will Drake's Rule continue to hold up as we learn more about mutation rates in microbes from both nasty and hospitable environments? It is hard to say. Functional mismatch repair systems appear to be lacking in a number of other prokaryotic species [19] , although accurate information on the genomic mutation rates of these species is not yet available. An earlier report [20] showed that the related thermophile S. solfataricus has a high rate of mutation (10 -4 to 10 -5 ) in the pyrEF region which is mediated by IS transposable elements, but did not extrapolate this to a genomic mutation rate. However, IS elements have not been found in other Sulfolobus species, and the GC content of the IS elements in S. solfataricus is higher than that in the genome as a whole [20] . This may indicate that these IS elements have recently been acquired from an unrelated species and have not been subject to selection long enough to reduce their mutagenic potential in S. solfataricus.
Finally, consider Deinococcus radiodurans and its relatives. These Eubacteria are the most radioresistant organisms known. A culture of D. radiodurans can recover from a blast of γ radiation that introduces over 100 potentially lethal double-stranded breaks into each chromosome in the population [21] -far in excess of what would be needed to kill most other organisms. No natural environment on earth has this level of incident radiation, and D. radiodurans' extraordinary repair capacity may be an adaptation for survival during long periods of dessication [22] . It would certainly be interesting to know whether the genomic mutation rate of D. radiodurans fits in with the current picture ( Figure 1 ).
